To date, there have been no reports characterizing HIV-1 in the semen of Chinese men who have sex with men (MSM) with early infection. In this study, genetic diversity and viral load of HIV-1 in the seminal compartments and blood of Chinese MSM with early HIV-1 infection were examined. Viral load and genetic diversity of HIV-1 in paired samples of semen and blood were analyzed in seven MSM with early HIV-1 infection. HIV-1 RNA and DNA were quantitated by real-time PCR assays. Through sequencing the C2-V5 region of the HIV-1 env gene, the HIV-1 genotype and genetic diversity based on V3 loop amino acid sequences were determined by using Geno2pheno and PSSM programs coreceptor usage. It was found that there was more HIV-1 RNA in seminal plasma than in blood plasma and total, and more 2-LTR circular and integrated HIV-1 DNA in seminal cells than in peripheral blood mononuclear cells from all seven patients with early HIV-infection. There was also greater HIV-1 genetic diversity in seminal than in blood compartments. HIV-1 in plasma displayed higher genetic diversity than in cells from the blood and semen. In addition, V3 loop central motifs, which present some key neutralizing antibody epitopes, varied between blood and semen. Thus, virological characteristics in semen may be more representative when evaluating risk of transmission in persons with early HIV infection.
study. However, some studies have reported that the HIV-1 CRF01_AE subtype is associated with CXCR4 tropism and rapid disease progression in Chinese patients infected with HIV-1 via sexual transmission (12) (13) (14) . Phylogenetic analyses have demonstrated that in some cases cell-free HIV-1 viral particles in the seminal fluid are distinct from those isolated from HIV-1-infected leucocytes in semen (15) .
To date, there have been no reports characterizing HIV-1 virus in semen from Chinese MSM with early HIV-1 infection. In this study, we hypothesized that amounts of HIV-1 and its genetic diversity in Chinese MSM with early HIV-1 patients may differ between semen and blood. We therefore compared amounts of HIV-1 RNA, HIV-1 DNA and HIV-1 sequences in blood and semen from seven Chinese MSM with early HIV1who had acquired HIV-1 infection through homosexual activities. We found that amounts of both HIV-1 RNA and DNA were higher in semen than in blood. Furthermore, virus genetic variation was greater in semen than in blood.
MATERIALS AND METHODS

Semen and blood samples
Our study included individuals from a clinical cohort of men with early HIV-1 infection in Beijing (11, 12) . MSM who were at least 18 years old and known to be baseline HIV-1 negative were enrolled in a longitudinal prospective cohort study. After enrollment, these initially HIVnegative participants were monitored every two months for plasma HIV antibodies concentrations of HIV RNA and evidence of acute HIV-1 infection. In accordance with the HIV-1 infection staging system proposed by Fiebig et al., the seven enrolled individuals were classified as having early HIV infection (16) . Relevant clinical characteristics of these seven patients are shown in Table 1 . Paired samples of semen and blood were collected from the seven individuals with early HIV-1-infection. The methods for isolating blood plasma, PBMCs, seminal cells and seminal plasma were the same as previously described (15) .
All participants or guardians gave written informed consent for inclusion in this study. This study was approved by the Beijing You'an Hospital Research Ethics Committee.
Quantitation of amounts of HIV-1 RNA in semen and blood A nucleic acid sequence-based kit for amplification (bioM erieux BV, Boxtel, The Netherlands) was used to quantify HIV-1 RNA, as previously described (16, 17) . The sensitivity of HIV-1 RNA detection by this assay is 50 copies/mL of plasma.
Quantification of total, 2-LTR circular and integrated HIV-1 DNA by RT-PCR assay Primers and probes for the qPCR assays were designed and optimized to be as similar as possible to those used previously (16, 18, 19) . Each cell was assumed to contain a single copy of chemokine receptor CCR5 for the purpose of using CCR5 as a surrogate for estimating the total number of cells (20, 21) . qPCR of HIV-1 DNA and cellular CCR5 was performed. A QIAamp DNA blood mini kit (Qiagen, Hilden, Germany) was used to extract total DNA from the target cells. qPCR was performed in a 25 mL volume containing 2.5 mL of target DNA, 12.5 mL of Gene Expression Master Mix (4369016; Applied Biosystems, Foster, CA, USA), 1 mM primers and 0.2 mM probes. The reactions were performed on an ABI 7500 PCR machine (Applied Biosystems) with the following cycling variables: 95°C for 10 min, followed by 95°C for 15 s and 60°C for 1 min (40 cycles). Using previously reported reaction conditions, a single round of qPCR was sufficient for amplification of total HIV-1 DNA and the CCR5 gene (21) . A standard curve was created in a 7-log-unit range by 1:10 serial dilutions of an M13 bacteriophage standard containing the appropriate gene for each run. All samples were analyzed in duplicate.
Cloning and sequencing of C2-V5 region of HIV-1 env The C2-V5 region of the HIV-1 env gene from RNA of blood plasma and seminal plasma and from DNA of PBMCs and seminal cells was analyzed as previously described (15) .
Approximately 10 single colonies of transformed Escherichia coli JM109 were picked and cultured for each sample. Sequences were assembled and checked for errors by Vector NTI software (version 9.0; Invitrogen, Carlsbad, CA, USA). 
Analysis of HIV-1 envelope sequences in blood and semen
Nucleotide and deduced amino acid sequences from each clone were aligned using a Clustal W multiple sequence alignment program from MEGA 6 and edited manually where necessary, as reported previously (15) .
Genotyping and phylogenetic reconstruction
Genotyping was carried out by a Geno2pheno system and the Los Alamos HIV Database (22) . The statistical significance of branchings and various clusterings was assessed by the bootstrap resampling method using 1000 replicates.
Prediction of co-receptor usage and analysis of V3 loop characteristics
The methods for analysis of co-receptor usage prediction and V3 loop characteristics were the same as reported previously (16) .The sequences of the C2-V5 region were aligned with a reference sequence data set of all major subtypes and circulating recombinant forms using the Clustal W multiple sequence alignment program from MEGA 6. BioEdit Sequence Alignment Editor 7.0 software was used for translating the sequences of the V3 region into amino acid sequences based on V3 amino acid sequences co-receptor usage predictions performed by Geno2pheno (23) with a false-positive rate of 0.1 and the PSSM approach (24). The higher the score, the more closely the sequence resembles that of known X4 viruses. For study purposes, a sequence was considered to be X4-tropic if one of the two approaches predicted that it was. The net amino acid charges of the V3 region were calculated by the PSSM system. The V3 loop central motifs of each sequence were analyzed with respect to each subtype.
STATISTICAL ANALYSIS
The Mann-Whitney U test was used to compare data between different groups. All P-values reported are twosided and considered to be statistically significant when P < 0.05. All data were analyzed using SPSS statistical software (version 21.0; SPSS, Chicago, IL, USA).
RESULTS
Amounts of HIV-1 RNA and DNA are higher in semen than in blood
Amounts of HIV-1 RNA in blood and seminal plasma and of total, 2-LTR circular and integrated HIV-1 DNA were tested in both PBMCs and seminal cells. It was found that amounts of HIV-1 RNA were greater in seminal plasma than in blood plasma and that amounts of total, 2-LTR circular and integrated HIV-1 DNA were also great in seminal cells than in PBMCs in all seven MSM with early HIV-1 infection (Table 2) .
HIV-1 genotype analysis
HIV-1 sequences encompassing the gp120 C2-V5 region from the blood plasma, PBMCs, seminal plasma and seminal cells were obtained from the seven patients and their sequences analyzed using the BLAST program from the HIV-1 database. Analysis of genotyping and recombination showed that four of the seven patients were infected with virus belonging to clade AE (Patients 1, 2, 3, 7; Table 1 ), whereas virus from three of the seven patients belonged to clade BC (Patients 4, 5, 6; Table 1 ).
HIV-1 genetic diversity in different compartments
Based on clones of the V3 loop sequence, HIV-1 genetic diversity in each patient was compared between seminal and blood compartments. In all seven patients, HIV-1 in seminal cells displayed higher diversity than in PBMCs, whereas HIV-1 diversity was greater in seminal plasma than in blood (Figs. 1, S1-S6). HIV-1 env displayed higher diversity in blood plasma and seminal plasma compartments than in blood cell and seminal cell compartments, respectively (Fig. 2) . Additionally, the intra-compartmental distance of env was great within the seminal compartment than within the blood compartment (Fig. 2) .
Predicted co-receptor usage
All sequences of the HIV-1 env gene V3 region were analyzed and translated into amino acid sequences. HIV-1 viral tropism was interpreted by using geno2pheno (false positive rate ¼ 10%) and the PSSM optimized version, which has greater sensitivity for detecting X4 variants. Usage of co-receptor (CCR5/CXCR4) is reported in Table 3 . The data suggest that there are no differences between blood and semen in usage of coreceptor. Co-receptor usage of the virus isolated from Patients 1 and 3 was CXCR4, whereas that from other patients was CCR5.
The V3 loop central motifs
The V3 loop can stimulate production of tropismrestricted neutralizing antibodies and cytotoxic lymphocytes in the host. V3 loop central motifs are some of the most important determinants of neutralizing antibodies. The distributions of the types of V3 loop central motifs in the blood and semen differed from the central motifs GPGS and GPER observed in semen, but not in blood (Table 4) .
DISCUSSION
In this study, we report for the first time that amounts of cell-free and cell-associated virus in semen are higher than the corresponding values in the blood of Chinese MSM with early HIV-1 infection. Published reports are conflicting regarding the viral load of HIV-1 in semen and blood. Several studies have reported that viral loads are higher in blood than in the semen (25) (26) (27) (28) (29) . A recent review by Kalichman et al. from 2008 (30) concluded that there is usually, but not always, a correlation between amounts of HIV-1 in blood and in semen. Race (6, 7), HIV-1 subtype, CMV replication in the semen (29) , inflammation and degree of T-cell activation (8) are all reportedly associated with amounts of HIV-1 RNA and DNA in semen. Semen is composed of a mixture of cells and secretions from the testes, prostate, epididymis, seminal vesicles and bulbourethral glands (31) . The natural interaction of HIV with spermatozoa is still debatable (32), it being generally accepted that motile spermatozoa are not productively infected by the virus (33, 34) . T cells and macrophages infected with HIV-1 have been detected throughout the male genital tract and are the main target for the virus (35) . Although it is likely that some virus that originate from multiple sites within the male genital tract exist in semen, a few infected cells and HIV-1 virions in semen may originate from infections outside the genital tract (36) . The reason(s) for the higher HIV titers in semen of the seven participants in our study requires further research.
Results of our phylogenetic analysis of the HIV-1 gp120 C2-V5 region nucleotide sequences indicate that some of the HIV-1 detected in semen is distinct from the virus in peripheral blood in Chinese MSM with early HIV infection. These results are consistent with the report that some individuals have more than one V1/V2 viral variant during primary infection (37) , indicating frequent transmission of multiple variants. This observation is not inconsistent with infrequent transmission. This rare transmission event from semen can involve a single cell infected with multiple variants of HIV-1 that initiate a new infection. Long et al. reported that the sex of the recipient is the major determinant of the number Fig. 2 . Diversity and distance analysis of envelope (C2-V5) clonal sequences in blood plasma, seminal plasma, PBMCs and seminal cells of the seven HIV-infected patients. Distances were calculated using the distance program of the Mega 6 software package. The statistical significance of the differences between different compartments for each analysis was determined using nonparametric statistics with the Mann-Whitney test. of variants transmitted (38) . Ritola et al. reported that women typically transmit single variants to men, whereas men typically transmit multiple variants to both women and men (37) .
In our study, we also found that HIV-1 derived from plasma of semen was distinct from that in seminal cells. Paranjpe and colleagues reported that the HIV-1 population derived from plasma of semen was distinct from that in seminal cells as early as three months after seroconversion (39) . Free HIV-1 in semen had distinct sequences and may not have been derived from the HIV-1 in seminal cells (39) . Given that HIV-1 infected leucocytes in semen produce viral strains that are distinct from those in blood leucocytes (3), this finding indicates that leucocytes infected with HIV-1 and free virions contaminating semen may have different origins within the male genital tract, suggesting that several of the organs that participate in semen production are infected and contribute either free virus or HIV-infected cells.
We found that the motifs in semen and blood differ. V3 loop central motifs are some of the most important determinants of neutralizing antibodies. Thus, researchers attempting to develop HIV neutralizing antibodies vaccines should not focus only on the virus strain in blood, but also on the virus strain in semen.
In summary, in this study, we conducted a comparative analysis of HIV-1 viral load and viral characteristics between semen and blood in Chinese MSM with early HIV-1 infection. We found that all seven patients with early HIV infection had greater amounts of HIV-1 RNA in plasma of semen than in blood plasma and that amounts of total, 2-LTR circular and integrated HIV DNA were higher in seminal cells than in PBMCs. It has been reported that high titers of HIV-1 in semen denote the subject is highly infectious and may contribute disproportionately to transmission of HIV-1. Whether high titers of HIV-1 in semen are one of the underlying reasons for high HIV-1 transmission between MSM in China needs further examination. Considering our study included few participants, further research with a larger sample size is required. V3 loop central motifs  GPGR  55  GPGR  45  GPGR  34  GPGR  68  202  GPGQ  28  GPGQ  25  GPGQ  20  GPGQ  3  76  GPGS  1  GPER  1  2  Total  83  71  54  72  280 
